To determine the effects of DL-malate on ruminal metabolism, four steers equipped with ruminal cannulas were fed an 80% rolled grain (75% corn:25% wheat) diet twice daily with a DMI equal to 2.0% of BW (485 ± 24.8 kg). DL-Malate was infused into the rumen on two consecutive days in 500 mL of phosphate buffer to provide 0, 27, 54, or 80 g of DLmalate/d. Ruminal pH linearly increased ( P < .01) with DL-malate concentration and was greater ( P < .01) for DL-malate than for the control steers (6.07 vs 5.77). DL-Malate treatment linearly decreased ( P < .10) total VFA and tended to linearly increase ( P = .10) acetate concentration. Propionate, butyrate, and L-lactate concentrations and acetate:propionate ratio were not affected ( P > .10) by DL-malate. Three finishing studies were conducted to determine the effects of feeding DL-malate on growth rate and feed efficiency. In a 98-d experiment, 33 crossbred steers were randomly allotted in a Calan gate feeding system to three DL-malate levels (0, 40, and 80 g/d). Steers (initial weight = 367 ± 4.5 kg) were fed a rolled cornbased diet twice daily. After 84 d on feed, gain efficiency (gain:feed) tended to improve with more DL-malate (linear, P < .10) and was 8.1% greater ( P < .05) for DL-malate than for the control. The ADG linearly increased ( P < .05) with more DL-malate and was 8.6% greater ( P = .10) for DL-malate than for the control. After 98-d on feed, ADG was linearly increased ( P = .09) by DL--malate, and the greatest increase occurred with 80 g of DL-malate. In the second performance study, 27 Angus steers were randomly allotted in a Calan gate feeding system to three DL-malate concentrations (0, 60, and 120 g/d). Steers (initial weight = 432 ± 4.6 kg) were fed diets used in the first finishing study twice daily, but DLmalate was included during the 10-d step-up period. During the 10-d step-up period, feed efficiency and ADG linearly increased ( P = .01) with more DLmalate. DL-Malate had little effect on steer and heifer performance or plasma constituents in a 113-d finishing study. Collectively, these results suggest that feeding DL-malate to cattle consuming high-grain diets alleviates subclinical acidosis, and it improved animal performance in two finishing studies.
Introduction
Lactate uptake and utilization by the predominant ruminal bacterium Selenomonas ruminantium was increased by the dicarboxylic acid malate (Nisbet and Martin 1990 , 1991 , 1993 , 1994 . Furthermore, the addition of DL-malate to soluble starch and cracked corn fermentations with mixed ruminal microorganisms resulted in changes in final pH, methane, and VFA that are analogous to ionophore effects (Martin and Streeter, 1995; Callaway and Martin, 1996) . In some cases, DL-malate and monensin had an additive effect on these mixed ruminal microorganism fermentations (Callaway and Martin, 1996) .
Limited in vivo research has been conducted to evaluate the effects of malate on ruminant performance. Kung et al. (1982) reported that feeding 140 g of malate per day resulted in an increased milk persistency in lactating cows and increased total VFA during early lactation. Other variables, including ruminal pH, were not altered by malate treatment; however, ruminal fluid samples were collected by stomach tube and lactate concentrations were not reported (Kung et al., 1982) . Feeding malate to Holstein bull calves improved ADG and feed efficiency but had little effect on blood serum constituents (Sanson and Stallcup, 1984) . Even though in vitro studies have shown that DL-malate favorably alters ruminal fermentation (Martin and Streeter, 1995; Callaway and Martin, 1996) , little information is available that details the effects of DL-malate on beef cattle performance. Therefore, the objectives of this study were to evaluate the effects of DL-malate on ruminal traits and the effects of supplementing finishing diets with this organic acid on feedlot cattle performance.
Materials and Methods

Experiment 1
Four Angus crossbred steers (485 ± 24.8 kg) equipped with ruminal cannulas were used in a 4 × 4 Latin square design with 5-d periods. Three days were used for diet adaptation, and 2 d were used for DLmalate infusion and rumen sampling. The animals were housed in a temperature-controlled room (20 to 25°C ) under continuous lighting in individual 10.2-m 2 pens with a concrete floor that was covered with rubber mats to prevent foot and leg problems. Steers were fed an 80% rolled grain (75% corn:25% wheat) diet that contained 13% CP twice daily at 0800 and 1600 with a total daily DMI equal to 2.0% of BW (Table 1) . Steers had ad libitum access to fresh water. DL-Malate (Sigma Chemical Co., St. Louis, MO) was prepared in 500 mL of 100 mM sodium potassium phosphate buffer to achieve final ruminal concentrations of 0, 4, 8, or 12 mM with an assumed ruminal volume of 50 L. These DL-malate concentrations corresponded to 0, 27, 54, or 80 g/d. The DLmalate plus phosphate buffer was infused into the rumen of each steer 30 min after the morning feeding. Control steers received only 500 mL of phosphate buffer. Ruminal fluid (1,000 mL/steer) was aspirated from the ruminal cannula of each steer at 0, 1, 2, 3, 4, 6, and 12 h after DL-malate infusion using a course filter tube of sufficient length to allow collection from multiple sites within the rumen. Consistency was obtained by inserting and removing the tube from various ruminal locations multiple times during collection. The ruminal fluid was then strained through six layers of cheesecloth. Ruminal pH was immediately measured with a pH meter, and then the ruminal fluid was acidified ( 3 mL of 20% H 2 SO 4 per 100 mL of fluid) and frozen at −20°C until it was analyzed.
Ruminal fluid samples were thawed and centrifuged (10,000 × g, 4°C, 15 min). Cell-free supernatant fluids were analyzed for L-lactate using a coupled enzyme assay (Hohorst, 1965) . Volatile fatty acids in supernatant fluid samples were measured by GLC using a Shimadzu GC-14A (Shimadzu Scientific Instruments, Columbia, MD) gas chromatograph (column temperature = 125°C, injector temperature = 170°C, detector temperature = 175°C ) equipped with an autosampler and GP 10% SP-1200/1% H 3 PO 4 80/ 100 mesh size Chromosorb W AW column (Supelco, 1975) . A full time series of data was collected on consecutive days. When data were analyzed as a split split plot, neither day × time or day × time × treatment was significant. Consequently, data were averaged across day within each time. The data were then analyzed as a split plot in time with time as a repeated measure using the GLM procedures of SAS (1985) . Main effects were analyzed as a 4 × 4 Latin square with variation partitioned into period, animal, and DL-malate effects. Means for DL-malate treatments were contrasted using linear, quadratic, and cubic orthogonal contrasts (Steel and Torrie, 1980) .
Experiment 2
In a 98-d feedlot study, 33 crossbred steers were randomly allotted to three DL-malate treatments (0, 40, and 80 g/d) . Steers (initial wt = 367 ± 4.5 kg) were fed a rolled corn-based diet twice daily using Calan gates (American Calan, Northwood, NH). A 14-d diet adaptation period involving three step-up diets was used, and the fourth diet was the finishing diet (Table 2) . Steers were then fed the finishing diet for 84 d that contained 12.5% CP and was formulated to meet NRC (1984) requirements for medium-framed steers gaining 1.2 kg/d. This diet also provided 360 mg of lasalocid (Bovatec; Roche Vitamins, Parsippany, NJ) per steer per day. All steers were implanted with a single dose of Revalor-S (Hoechst-Roussel Agri-Vet Co., Somerville, NJ) at the beginning of the study. DL-Malate (free acid, Harcross Chemical Group, Atlanta, GA) was top-dressed on only the finishing diet. Steers were weighed at 28-d intervals, and orts were weighed weekly. Initial and final weights were means of consecutive daily full weights. Steers were slaughtered at a commercial packing plant, and hot carcass weights were obtained. After carcasses were chilled for 24 h, the following measurements were obtained: 1 ) loin eye area ( LEA) by direct grid reading of the longissimus muscle at the 12th rib; 2 ) back fat over the longissimus muscle at the 12th rib; 3 ) kidney, pelvic, and heart ( KPH) fat was estimated as a percentage of carcass weight; and 4 ) yield and quality grades (USDA, 1989) .
Experiment 3
A 52-d feedlot study was conducted using 27 Angus steers (initial weight = 432 ± 4.6 kg) that were randomly allotted to three DL-malate treatments (0, 60, and 120 g/d). A 10-d diet adaptation period involving the same three step-up diets used in the 98-d feedlot study was used, and the fourth diet was the finishing diet (Table 2) . Steers were fed twice daily using Calan gates, and DL-malate was topdressed on the step-up as well as on the finishing diets. Steers were implanted with a single dose of Revalor-S (Hoechst-Roussel) at the initiation of the study. Steers and orts were weighed every 14 d. Initial and final weights were means of consecutive daily full weights. Steers were slaughtered at a commercial packing plant, and hot carcass weights and selected carcass characteristics were obtained as described above. Dry matter intake, ADG, gain efficiency (kilograms of live weight gain/kilograms of feed DM), LEA, backfat, KPH, yield, and quality grades in Exp. 2 and 3 were analyzed as a completely randomized design using animal as the experimental unit. Means for DL-malate treatments were contrasted using linear and quadratic orthogonal contrasts (Steel and Torrie, 1980) .
Experiment 4
In a 113-d feedlot trial, 24 beef heifers ( H) and 24 beef steers ( S) of predominantly British breeding were assigned by weight within sex to eight groups, and then groups within sex were randomly assigned to dietary treatments. No supplemental malate was fed to control ( C) cattle. Based on a projected DMI of 9.52 kg, cattle on the malate ( M) treatment were fed DLmalate at a projected rate of 100 g/animal daily. The cattle were between 12 and 14 mo of age initially, and initial weights of H averaged 294.5 ± 11.8 kg and those of S averaged 342.4 ± 18.4 kg. Initial and final weights were means of consecutive daily full weights. The diets contained 90% concentrate, with rolled corn as the primary energy ingredient (Table 3) . Diets were fed free-choice in concrete bunks and contained 13.4% CP, 19.8% NDF, and 9.4% ADF. Laidlomycin propionate (Cattlyst, Roche Vitamins) was included in all diets at 12 ppm on a DM basis. Cattle were housed in a feedlot equipped with automatic water dispensers, concrete slatted floors, open-air sides, and a metal roof. The H were implanted with a single dose of Synovex-H (Syntex/Ft. Dodge Animal Health, Overland Park, KS), and the steers were implanted with a single dose of Synovex-S (Syntex/Ft. Dodge) on the first day of the feedlot trial.
Blood samples were collected via jugular puncture on d 26 and 112 in heparinized evacuated tubes and centrifuged (1,000 × g, 12 min, 25°C). Plasma was stored frozen until analyzed for plasma urea nitrogen ( PUN) , glucose, cholesterol, triglycerides, amylase, and lactate using a Boehring Mannheim Hitachi 911 Analyzer (Boehringer Mannheim, Indianapolis, IN). After slaughter in a commercial plant, carcass yield and quality traits were measured on the cattle 24 h postmortem (USDA, 1989) . Performance, plasma component, and carcass data were statistically analyzed as a 2 × 2 factorial arrangement of treatments in a completely randomized design (SAS, 1985) . The first factor was experimental diets (control vs DLmalate), and the second factor was sex of cattle (heifers vs steers).
Results and Discussion
Experiment 1. Because in vitro experiments have
shown that DL-malate favorably alters the fermentation of cracked corn or soluble starch by mixed ruminal microorganisms (Martin and Streeter, 1995; Callaway and Martin, 1996) , experiments were conducted using steers fed a high-grain diet to evaluate the effects of DL-malate on ruminal metabolism. One of our goals was to induce subclinical acidosis in these steers. Subclinical or subacute acidosis is characterized by a ruminal pH of 5.5 to 5.8 with little accumulation of lactate, whereas acute acidosis is characterized by a ruminal pH ≤ 5.0 with lactate accumulation (Britton and Stock, 1986; Nocek, 1997; Owens et al., 1998) . When only 500 mL of phosphate buffer was infused into the rumen ( 0 mM DL-malate), ruminal pH declined to 5.49 at 1 h after infusion and increased to 6.29 at 12 h ( Figure 1 ). These results are consistent with the pH values associated with subclinical acidosis (Britton and Stock, 1986; Nocek, 1997; Owens et al., 1998) . There was no decrease ( P < .05) in ruminal pH 1 h after infusion of all three concentrations of DL-malate. When compared with the 0 mM DL-malate treatment, ruminal pH was also higher ( P < .05) at 2 and 4 h in the presence of all three DL-malate concentrations. Ruminal pH was greater than 6.0 in the presence of 12 mM DL-malate over the 12-h sampling period. When ruminal pH and fermentation products were analyzed across day and time, ruminal pH ( P < .05) and acetate ( P = .10) increased as the amount of DLmalate increased, and total VFA decreased ( P < .10; Table 4 ). There was no treatment effect on propionate, butyrate, or L-lactate concentrations or on the acetate: propionate ratio. Ruminal concentrations of acetate, butyrate, and total VFA were increased by malate treatment in early-lactation dairy cows, but malate had no effect on ruminal pH (Kung et al., 1982) . However, ruminal fluid samples were collected by stomach tube, and ruminal pH values ranged between 6.9 and 7.1 in this study. These results suggest that either the diet did not induce acidosis or the ruminal fluid samples were contaminated with saliva. Kung et al. (1982) also reported that malate treatment had no effect on VFA concentrations in midlactation cows.
The lack of significant accumulation of L-lactate in our study is consistent with the etiology of subclinical acidosis (Britton and Stock, 1986; Nocek, 1997; Owens et al., 1998) . Total acid load and not just lactate alone seems responsible for acidosis (Britton and Stock, 1986; Owens et al., 1998) . In our study, total VFA concentration in the control animals was 157.9 mM and increasing amounts of DL-malate reduced ( P < .10) these concentrations (Table 4) . However, it is unlikely that this decrease in total VFA concentrations was solely responsible for the increase in ruminal pH. In addition to stimulating lactate utilization by S. ruminantium, organic acid addition to in vitro mixed ruminal microorganism fermentations increased CO 2 concentrations (Callaway and Martin, 1996) . Carbon dioxide is an end product that is produced by S. ruminantium, and this bacterium can account for up to 51% of the total viable bacteria in the rumen (Caldwell and Bryant, 1966; Gottschalk, 1986) . Therefore, malate treatment may act to increase the pH of ruminal contents by a dual mechanism of increased lactate utilization and CO 2 production by S. ruminantium. When we grow S. ruminantium in medium that contains lactate plus organic acids, we routinely observe more gas pressure in these cultures than in lactate-only cultures. These results suggest that stimulation of S. ruminantium in mixed culture by DL-malate addition helps to increase ruminal pH by increasing lactate utilization as well as the concentration of CO 2 .
Experiment 2. When 33 crossbred steers were fed a rolled corn-based diet, DL-malate supplementation had little effect on DMI after 84 or 98 d on feed ( DOF) ( Table 5) . After 84 DOF, gain efficiency (gain:feed) tended to improve with more DL-malate (linear, P < .10) and was 8.1% greater ( P < .05) for DL-malate than for the control (.186 vs .172). Experiment 3. In addition to the 98-d finishing study, a 52-d finishing study was conducted using 27 Angus steers (Table 6 ). In this study, higher amounts of DL-malate (60 and 120 g/d) were used to evaluate steer performance. Furthermore, unlike the 98-d feedlot study, DL-malate was top-dressed on the stepup as well as the finishing diets. DL-Malate supplementation had little effect on DMI after 10 or 52 DOF. During the 10-d step-up period, gain efficiency and ADG linearly increased ( P < .05) with more DLmalate. When compared with the control group, DLmalate supplementation increased ( P < .05) gain efficiency and ADG by 21 (.306 vs .253) and 22% (3.52 vs 2.87 kg/d), respectively. However, treatment effects were not observed after 52 DOF. Similar to the 98-d finishing study, DL-malate supplementation had no effect on carcass characteristics (data not shown).
Experiment 4. In a 113-d finishing study, DL-malate was fed to cattle at a rate designed to provide 100 g/ animal daily at a projected DMI of 9.52 kg. Cattle fed DL-malate had a mean DMI of 8.65 kg, resulting in a DL-malate intake of 90.8 g/d, which was approximately 10% lower than the projected daily DL-malate intake (Table 7) . DL-Malate supplementation resulted in a trend for reduced ADG ( P < .07) through d 26, but no differences in cumulative 113-d ADG between malate and control cattle were observed. DLMalate supplementation had no effect on either DMI or gain:feed. These results suggest no improvement in feedlot performance from the addition of dietary DLmalate. Sex of the cattle affected performance, but there were no significant sex × treatment interactions (Table 7) . Initial weights were higher ( P < .05), 26-d ADG tended to be higher ( P > .10), and 113-d cumulative ADG were higher ( P < .05) for steers than for heifers. Even though steers tended to consume slightly more feed, they were more efficient in converting feed to gain than heifers. Heifers probably were fattening quicker than steers, resulting in slight depressions in conversion efficiency.
Plasma components on d 26 and 112 of the study indicated no significant effects of DL-malate supplementation for either date (Table 8) . However, Table 9 . Selected carcass traits of steers and heifers fed a DL-malate-supplemented diet (Exp. 4) a,b Means within a row without a common superscript differ ( P < .01). c,d Means within a row without a common superscript differ ( P < .05). e,f Means within a row without a common superscript differ ( P < .10). g Marbling score: 4 = slight; 5 = small; 6 = modest. plasma lactate tended to be lower ( P < .23) for cattle fed the DL-malate-supplemented diet. This may be due, in part, to more efficient utilization of lactate by ruminal bacteria in the presence of supplemental DLmalate, resulting in less absorption of lactate into the blood. Plasma component concentrations were generally unaffected by sex of the feedlot cattle, except that PUN was lower ( P < .05) for steers than heifers at d 26, and cholesterol was higher ( P < .05) for heifers than steers at d 112. The reduction in PUN at d 26 for steers might have resulted from more efficient utilization of dietary nitrogen because they had higher ( P > .10) ADG than heifers during the initial period of the trial. Previous research reported that supplementing the diets of Holstein bull calves with 27.2 g of malate per day had little effect on blood urea nitrogen, serum glutamic pyruvic transaminase, serum glutamic oxaloacetic transaminase, gamma-glutamyl transpeptidase, total protein, triglycerides, creatinine, and alpha-hydroxybutyrate dehydrogenase (Sanson and Stallcup, 1984) . DL-Malate supplementation had no significant effects on carcass characteristics, and there were no sex × treatment interactions ( Table 9 ). The heifers had lower ( P < .05) final and carcass weights, resulting from inherent size differences of heifers and steers of similar genetics, ages, and pretrial management and dietary regimens. The heifers produced carcasses with more fat, as evidenced by higher rib fat ( P < .05), higher yield grade ( P < .05), a trend for higher internal fat percentage ( P < .10), and a tendency to have higher marbling scores ( P > .10). Conclusions. Because DL-malate was effective in preventing the characteristic drop in ruminal pH usually observed 1 to 2 h after feeding high-concentrate diets (Figure 1 ), this organic acid may be effective in reducing subclinical acidosis in feedlot steers. Nocek (1997) has suggested that the only diagnostic test for subclinical acidosis is ruminal pH. Furthermore, ruminal pH was always greater than 6.0 in the presence of 12 mM DL-malate, and this is important because many key ruminal bacteria (i.e., cellulolytic bacteria) are sensitive to pH values below 6.0 (Russell et al., 1979; Russell and Dombrowski, 1980) . Kung et al. (1982) reported that malate supplementation increased ruminal concentrations of acetate, butyrate, and total VFA in early-lactation dairy cows, but it had no effect on ruminal VFA concentrations in midlactation cows (Kung et al., 1982) . In our study, DL-malate treatment yielded a small increase in acetate and a decrease in total VFA concentrations.
In addition to modifying the ruminal environment, DL-malate supplementation of feedlot diets resulted in increased gain efficiency and ADG in a 98-d finishing study (Table 5) . Improvements in both traits were also observed in the 1st 10 d of a 52-d finishing study (Table 6 ). It should be noted that these improvements in animal performance were obtained with diets that also contained the ionophore lasalocid.
Treatment of in vitro mixed ruminal microorganism fermentations with DL-malate yielded responses similar to those of ionophores (i.e., increased propionate, decreased CH 4 , decreased lactate), suggesting that DL-malate has an effect on electron flow (Martin and Streeter, 1995) . Monensin effects closely associated with electron redistribution (decreased lactate and increased propionate) were enhanced by malate treatment (Callaway and Martin, 1996) . Therefore, by providing an electron sink in the form of malate to the ruminal fermentation, the effects of monensin seem to be enhanced. In vitro experiments have not been conducted with lasalocid. However, because lasalocid alters the ruminal fermentation in a manner similar to monensin, some of the improvements in animal performance observed in the present study may be due, in part, to malate as it enhances the effects of lasalocid in the rumen. DL-Malate had little effect on steer and heifer performance or plasma constituents in a 113-d finishing study (Table 7) . Furthermore, DL-malate treatment did not have any effect on carcass traits in all three finishing studies (Table 9 ). Sanson and Stallcup (1984) reported that supplemental feeding of malate to Holstein bull calves improved ADG and feed efficiency but had little effect on blood serum constituents. Similarly, malate treatment had no effect on plasma urea, ammonia, and glucose concentrations in Holstein cows or steers (Kung et al., 1982) .
Based on the cost of the DL-malate that was used in this study, it is estimated that to supplement finishing diets with this organic acid at 40 to 80 g/d would cost between $.09 and $.18 per animal per day. However, because DL-malate treatment increased feed efficiency and ADG by 21 and 22%, respectively, during the 10-d step-up period (Table 6) , it may be more practical to add DL-malate to the diets of cattle when they first arrive at the feedlot rather than throughout the finishing period. A recent study has shown that some forages (e.g., alfalfa and bermudagrass) contain high levels of malate and might be considered as an alternate source of this organic acid (Callaway et al., 1997) .
Implications
Based on increasing concern by the public regarding the use of antibacterial compounds in the animal feed industry, research is needed to evaluate alternatives to antibacterial compounds in animal production systems. All concentrations of DL-malate were effective in reducing the drop in ruminal pH normally seen 1 to 2 h after feeding. Therefore, supplementing finishing diets with DL-malate might be effective in reducing subclinical acidosis. Furthermore, DL-malate treatment increased gain efficiency and average daily gain by 21 and 22%, respectively, during a 10-d dietary adaptation period. Because the cost of supplementing diets with DL-malate is estimated at
